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ABSTRACT: The timing of glaciation in the Lahul Himalaya of northern India was ascertained
using the concentrations of cosmogenic '°Be and Al from boulders on moraines and drumlins, and
from glacially polished bedrock surfaces. Five glacial stages were identified: Sonapani I and Il, Kulti,
Batal and Chandra. Of these, cosmogenic exposure ages were obtained on samples representative
of the Batal and Kulti glacial cycles. Stratigraphical relationships indicate that the Sonapani | and II
are younger. No age was obtained for the Chandra glacial advance. Batal Glacial Stage deposits are
found throughout the valley, indicating the presence of an extensive valley glacial system. During the
Kulti Stage, glaciers advanced ca. 10 km beyond their current positions. Moraines produced during
the Batal Stage, ca. 12-15.5 ka, are coeval with the Northern Hemisphere Late-glacial Interstadial
(Balling/Allerad). Deglaciation of the Batal Glacial Stage was completed by ca. 12 ka and was
followed by the Kulti Glacial Stage during the early Holocene, at ca. 10-11.4 ka. On millennial
time-scales, glacier oscillations in the Lahul Himalaya apparently reflect periods of positive mass-
balance coincident with times of increased insolation. During these periods the South Asian summer
monsoon strengthened and/or extended its influence further north and west, thereby enhancing
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high-altitude summer snowfall. Copyright © 2001 John Wiley & Sons, Ltd.

KEYWORDS: cosmogenic radionuclide dating; glaciation; Himalayas; Late Quaternary; South Asian summer monsoon.

Introduction

Mountain glaciers, because of their relatively small size,
are especially sensitive to changes in local climate. Map-
ping and dating the landforms produced by the episodic
advance and retreat of glaciers provide a method for recon-
structing local climate oscillations. A detailed reconstruction
of local climate oscillation in turn provides a means for
exploring the relationship between local and global climate
changes.

The dynamics of the Himalayan mountain glaciers are
influenced by global temperature cycles, which relate to
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variations in both the South Asian monsoon and in the
mid-latitude westerlies. These two climatic systems have
had a profound effect on Himalayan glaciers throughout
Late Quaternary times. Benn and Owen (1998) speculated
that, during the last glacial cycle, glaciations were not
synchronous throughout the region and that in some parts
of the Himalayas glaciers reached their maxima during
the global glacial maximum of ca. 18-20 ka, whereas in
other regions glaciers were most extensive between ca. 30
and 60 ka. However, the paucity of a detailed chronology
for these glacial cycles has made this hypothesis difficult
to test.

The scarcity of chronologies for this region mainly results
from the lack of organic material suitable for "*C dating within,
or associated with, glacial deposits and landforms. Relatively
new techniques, however, especially optically stimulated
luminescence (OSL) dating and cosmogenic radionuclide
surface exposure dating, are useful for reconstructing the timing
of glaciation within several regions of the Himalayas (e.g.
Sharma and Owen, 1996; Sloan et al., 1998; Phillips et al.,
2000; Richards et al. 2000a,b; Taylor and Mitchell, 2000).
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In this paper, we use cosmogenic radionuclide surface
exposure dating to ascertain the timing of glaciation at the
end of the Pleistocene and during the early Holocene in the
Lahul Himalaya. Using these data we investigate the linkage
between regional and global climate.

The Lahul Himalaya was chosen because it contains
impressive moraines and glacially eroded landforms produced
during at least three glacial stages. These well-preserved
geological archives are a near ideal setting for delineating
the nature of Late Quaternary palaeoclimate change in the
Himalayas (Owen etal., 1995, 1996, 1997) (Plate 1 and
Table 1). The Lahul Himalaya, located at the junction of
the monsoon-influenced Pir Panjal Mountains of the Lesser
Himalaya and the semi-arid mountains of the Trans-Himalaya,
is ideally suited for examining the importance of two
competing weather systems: the south Asian summer monsoon
and the mid-latitude westerlies. The region presently receives
most of its precipitation as winter snow (Mamgain, 1975;
Owen etal., 1995), supplied by the mid-latitude westerlies
that bring moisture from the Mediterranean, Black and Caspian
Seas. Little precipitation falls during the summer because
orographic shielding by the Pir Panjal Mountains blocks
the summer monsoon from reaching the Lahul Himalaya.
However, during strong monsoon years, such as that of 1996,
heavy rainfall can occur throughout the Chandra valley, at
the southern end of the Lahul Himalaya, and even to elevated
regions as far north as Chandra Tal and the Bhaga valley. The
data presented here allow us to test the specific hypothesis
that throughout the Quaternary glacier fluctuations in the
Lahul Himalaya reflect changes in the mid-latitude westerlies
and the south Asian summer monsoon.

Methods

The relative glacial chronology established by Owen et al.
(1995, 1996, 1997: Table 1) was used as a framework for
selecting areas in which to collect rock samples for cosmo-
genic radionuclide exposure age dating. The relative ages
of the successively older Kulti, Batal and Chandra moraine

sequences were established using standard morphostratigraph-
ical techniques similar to those described in Rose and Menzies
(1996). Exposure ages of the glacial features were determined
by utilising cosmic-ray-produced '°Be and *°Al. We collected
rocks having quartz-rich lithologies (granite, quartzite and vein
quartz) in three different geomorphological settings (Fig. 1):
boulders from the crests of lateral and latero-frontal moraines,
boulders from the crests of drumlins, and boulders and bedrock
from ice-polished surfaces. Samples were selected to minimise
the likelihood of displacement or toppling since the time of
emplacement. In order to test the effectiveness of our sampling
procedure, we determined ages of multiple samples from each
glacial stage. The reproducibility of the results confirms the
validity of the exposure ages and gives an indication of the
associated uncertainty.

As the dates obtained using the cosmogenic radionuclide
technique for this particular study will be compared to the
global records based on other chronometry it is essential that
all systematic errors in the cosmogenic radionuclide ages be
considered. These errors can be classified either as physics-
based, i.e. relating to production rates, or geological in nature.
Both of these uncertainties generally are greater than the
measurement accuracy, which can be < 5%.

The production rate of '°Be or 2°Al by energetic particles
at Earth’s surface is given by equations in Stone et al. (1998a)
and in Granger and Smith (2000). In the case of no erosion,
these equations simplify to equation (1)

Ni(z) = [(Pait) + (YA + YA)TI(1 — ™) (1)

This equation includes production by secondary neutron
spallation and by stopped muons. The subscript i denotes either
19Be or 2°Al, P,; denotes production by neutron spallation at
the surface, 7; is the radioactive mean life (1, = 1.02 Myr;
710 = 2.16 Myr). Values for the muon related parameters Y;,
A, Ay, Ly and L, are given in Granger etal. (2001). '°Be
and ?°Al are also produced by fast muons. Production via this
mechanism is negligible in all but the most rapidly eroding
samples. At sea-level and high latitudes spallation accounts
for ca. 97% of the "°Be and 2°Al production at the surface of
a rock; negative muon capture and fast muon reactions for
only ca. 3% (Heisinger, 1998; Heisinger and Nolte, 2000).
The relative importance of muon production decreases to less

Table 1 Summary of Owen et al.’s (1995, 1996, 1997) glacial chronology for the Lahul Himalaya

Glacial stage Characteristics

Type of glaciation Age

Sonapani Two sets (Sonapani | and ) of small
sharp-crested moraines within a few
kilometres of the contemporary glaciers

Kulti Well-developed moraines in tributary valleys

that stretch up to 12 km from the
contemporary glaciers. The moraines
comprise multiple ridges
Batal Highly weathered and dissected lateral
moraines and drumlins that extend along the
Bhaga and Chandra valleys down to an
altitude of ca. 2700 m. Two substages (Batal |
and I1) can be recognised on the basis of
superimposed drumlins and complex moraine
successions
Glacially polished and streamlined bedrock
benches with erratics and eroded drumlins at
altitudes of >4300 m a.s.l.

Chandra

Limited glacial advances

No dates on Sonapani I, but
thought to be early to
mid-Holocene. Sonapani Il is
historical

Valley glaciation within
tributary valleys. Glaciers only
just extending into the main
trunk valleys

Main trunk valley glaciation

Broad valley glaciation

Radiocarbon date of

9160 £ 70 yr BP on the base
of a peat bog within a moraine
depression

OSL dates of 43.4 +10.3 ka
and 36.9 + 8.4 ka on deltaic
deposits thought to have
formed during deglaciation

No dates

Copyright © 2001 John Wiley & Sons, Ltd.
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Figure 1 Typical sampling locations for cosmogenic radionuclide dating. (A) A glacial boulder (sample L37) on a lateral moraine of Batal Glacial
age near the top of the Kunzum La. (B) A metre-size glacial boulder (sample L42) on an ice-polished bedrock surface above the Kunzum La.

(C) Ice-polished bedrock (sample L40) above the Kunzum La

than 1.5% at the 2500 to 4800 m exposure elevation of the
surfaces dated in this paper.

The production rate of a nuclide, P,;, is a function of
altitude and latitude (Lal and Peters, 1967; Lal, 1991),
reflecting changes in atmospheric and geomagnetic shielding,
respectively. Production rates usually are quoted at sea-
level and high latitude (SLHL) because such scaled values
are independent of geomagnetic field intensity. Spallogenic
production rates can be scaled from SLHL reference values
to sample altitude and geographical latitude using table 2 of
Lal (1991). Recently, Dunai (2000) has re-evaluated latitude
and altitude scaling factors to take account of non-dipole
components in the geomagnetic field and deviations from the
normally used universal pressure—altitude relationship for the
atmosphere. Use of Dunai’s scaling factors yields present-
day cosmogenic radionuclide production rates that are £5%
different at our Lahul sites than those calculated from Lal
(1991). As the correction is small and because it is not clear
how to account for temporal variations of Dunai’s correction
factors we use the scaling factors from Lal (1991). Production
by stopped muons has been scaled for elevation using an
attenuation length of 247 g cm~ and for latitude assuming the
same sea-level variation for stopped muons as for neutrons
(Stone et al., 1996).

Over the past 60 kyr the geomagnetic field intensity has
fluctuated by almost a factor of four (Guyodo and Valet,
1996), producing long-term changes in the production rate.
The effect of this change on radionuclide production can be
expressed as an equivalent change in geomagnetic latitude.
Nishiizumi et al. (1989) expresses this relationship as

oS (heir) = (Mi/Mo)'* cos(ho) )

where A is the effective geomagnetic latitude for the changed
field intensity, M, is the geomagnetic field intensity at t, M, the
current field intensity, and A, the current geomagnetic latitude.
Using equation (2) we calculate the effective geomagnetic
latitudes using the sint200 intensity record of Guyodo and
Valet (1996). Radionuclide decay has been accounted for by
weighting the effective geomagnetic latitudes by e, with

Copyright © 2001 John Wiley & Sons, Ltd.

7 being the nuclide mean-life. For samples considered in
this study, the maximum correction to the exposure age is
3%. Samples L24 and L25 have larger corrections but their
ages are anomalously young because of deep weathering and
exfoliation.

We use a SLHL spallogenic production rate of P, =
5.2 atoms g~ yr=" for "Be and P, =31.2 for 2°Al for the
exposure age calculations in this paper. When corrected for
time variation in the geomagnetic field, as described above, this
value increases to 5.4 atoms g=" yr=". This SLHL production
rate for '“Be is the 13000 yr rescaled measurement from
glacial surfaces in the Sierra Nevada (Nishiizumi et al., 1989;
Clark etal.,, 1995). This production rate is consistent with
that determined on the 9800 yr Kéfels landslide (Kubik et al.,
1998). The 2°Al/°Be production ratio is taken to be 6.03 + 0.31
(Nishiizumi et al., 1989).

Apart from uncertainties in the production rates there are
geological uncertainties associated with using cosmogenic
dating techniques on glacial moraines. Boulders on crests
of lateral and latero-frontal moraines are formed as glaciers
advance and deposit till by meltout, mass movement and
ice-deformational processes. Previous workers have assumed
that the construction of moraines is rapid because climate
variability is relatively short (decadal to millennial) in duration.
In these circumstances cosmogenic radionuclide exposure
ages of boulders on moraine crests provide reliable dates
on the timing of glaciation (Gosse etal., 1995a,b; Phillips
etal, 1996, 2000). However, large lateral and latero-
frontal moraines in Himalayan environments may have a
long, complex history and may represent longer periods
of formation that conceivably can last many millennia
(Scott, 1992). In such cases boulders collected from the
highest proximal moraines may be more representative of
the last stage of a glaciation; indeed they may be almost
equivalent to the age of deglaciation. This probably is the
case with the thick moraines of the Batal Glacial Stage.
The smaller, generally single-crested moraines of the Kulti
Glacial Stage (Fig. 2C) probably were formed over a short
period (decadal to centennial time-scales) and cosmogenic
radionuclide exposure ages of boulders resident on their crests

J. Quaternary Sci., Vol. 16(6) 555-563 (2001)
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are probably more representative of the time of glaciation.
Most of the boulders within such moraines have been heavily
eroded when they were first entrained in the ice, as the
result of plucking or quarrying by mass movement processes
and/or by abrasion during glacial transport (Scott, 1992). It
is anticipated that these boulders will have no inherited
cosmogenic radionuclides. However, we have, whenever
possible, sampled several boulders from each moraine to
verify this assumption.

Exposure ages on boulders lodged on the crests of drumlins
represent deglaciation times, as they are deposited subglacially
and exposed only after the glaciers had retreated. The boulders
on the crests of drumlins exhibited typical glacial shapes
(Boulton, 1978), indicating that they are subglacially and
englacially abraded (Fig. 2A). They should, therefore, have
no inherited cosmogenic radionuclides. Cosmogenic '°Be
and °Al from boulders on ice-polished bedrock and from
samples of the polished bedrock surfaces provide younger
limits for the time of deglaciation. The exposure ages may
appear younger than the time of deglaciation if the surface
was covered with a thick layer of till for a significant period
of time.

The sampling sites for cosmogenic radionuclide dating
were selected in order to exemplify age differences between
the glacial stages. Samples for the Kulti and Batal Glacial
Stages were collected from locations along the Chandra valley
(Plate 1 and Table 2). Chandra Glacial Stage surfaces and
moraines are present at several locations along the Chandra
Valley, but were inaccessible either because they occur
above steep treacherous rock faces or because access was
restricted by impassable rivers. The only accessible location
in which samples could be collected from the Chandra
Glacial Stage was above 4600 m a.s.l. on the Kunzum La
(Plate 1).

Care was taken to avoid sampling below steep slopes where
younger boulders could have fallen on to moraines after
their formation or where substantial erosion, slope failure
or human activity may have recently exhumed boulders. The
exact location of each sample was recorded using a hand-held
global positioning system. Skyline profiles were measured to
allow correction for topographic shielding by surrounding
mountain slopes.

The samples were crushed and sieved to a uniform size
of 250-500 um. Clean quartz was separated from the rocks
by a chemical isolation method (Kohl and Nishiizumi, 1992)
using HCI and HF-HNO; baths. An aliquot of the dissolved
sample was used to determine the aluminum content using
atomic absorption spectroscopy. Beryllium carrier, and stable
aluminum carrier when appropriate, was added to the clean
quartz separates and the sample was then dissolved in an
HF-HNO; mixture. Beryllium-10 (t,, = 1.5 Ma) and 2°Al
(t, = 0.705 Ma) AMS measurements were carried out at the
Lawrence Livermore National Laboratory (LLNL) Accelerator
Mass Spectrometry (AMS) facility (Davis et al., 1990).

Results and discussion

Tables 2 and 3 list the cosmogenic radionuclide °Be and 2°Al
data and ages, the location and type of sampling sites and the
relative age of each sample derived from morphostratigraphy.
The ages presented in Table3 are derived as discussed
above.

The availability of numerical ages has led us to reinter-
pret several of Owen etal’s (1996, 1997) relative ages,

Copyright © 2001 John Wiley & Sons, Ltd.

Figure 2 Glacial landforms in the Lahul Himalaya. (A) A drumlin
near Chandra Tal with a lodge boulder on its crest. (B) View looking
south across the Chandra river at Sissu Nala. The large boulder
(sample L32) is on a lateral moraine of the Batal Glacial Stage. The
high glacially eroded slopes in the middle ground were produced
when a large valley glacier occupied the Chandra valley during the
Batal Glacial Stage. (C) View looking southeast at the end moraine of
Kulti Glacial age in Muling Nala. Samples L28 and L29 where
collected from the crest of the southernmost moraine

and Table 3 provides appropriate explanations. The agree-
ment in exposure ages between multiple samples collected
on individual surfaces is good, suggesting that inheritance
of cosmogenic radionuclides is not a significant factor. This
agreement also provides a measure of confidence that the
moraine surfaces were not altered significantly and that
moraine formation marks well-constrained periods of glacial
advance.

Chandra Glacial landforms

Although samples were collected from surfaces believed to
represent the Chandra Glacial cycle, in fact no samples
representing this stage were dated. Exposures of the Chandra

J. Quaternary Sci., Vol. 16(6) 555-563 (2001)
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Plate 2 Comparison of the cosmogenic radionuclide dates for deglaciation in the Lahul Himalaya (i) with §'®O data from (ii) Globigerinoides
sacculifer in core SK-20-185 from the East Arabian Sea (Sarkar et al., 1990), (iii) Globigerinoides sacculifer in core CD-17-30 off the coast of the
Oman (Sarkar et al., 1990), (iv) the Dunde Ice Cap core in Tibet (Thompson et al., 1989), (v) the Guliya Ice Cap core in Tibet (Thompson et al.,
1997) and (vi) the Summit ice core in Greenland (Dansgaard et al., 1993). The orange and green horizon bands show the duration of the Younger
Dryas Stade and Late-glacial Interstadial, respectively. Note that the data in parts (ii) and (iii) are plotted against radiocarbon years whereas the

other data are plotted against calendar years
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age surfaces may be present along the Chandra valley, but
their locations made it impossible for us to collect samples.

Batal Glacial landforms

The boulders and surfaces from the Kunzum La were presumed
to be of Chandra age. However, the exposure ages for samples
from the Kunzum La are between ca. 13.2 and 14.3 ka, similar
to dates for the landforms associated with the Batal Glacial
Stage. The interpretation of Owen etal. (1997) that these
deposits are of Chandra Glacial age is incorrect. It is likely that
glacial ice overtopped the high glaciated surfaces in the upper
Chandra valley during the Batal Glacial Stage, eroding fresh
bedrock surfaces and depositing glacial boulders. Samples
were collected from these glacially polished bedrock surfaces
and a boulder perched upon the bedrock. These latter samples
are exposed after deglaciation. The similarity in exposure ages
between these and the boulders on moraine crests suggests
that the lateral moraine formed shortly before deglaciation.

Surface exposure ages of boulders from moraines and
drumlins, and glacially polished bedrock surfaces of the Batal
Glacial Stage cluster between ca. 12 and 15.5 ka (Tables 2
and 3, and Plate 2). There are no discernable differences
between the ages for samples collected from latero-frontal
moraines, drumlins and ice-polished bedrock. This suggests
that the uppermost parts of latero-frontal moraines of Batal
Glacial age formed shortly before deglaciation and represent
the final stages of moraine formation. From these data we
cannot determine how long the extensive valley glacier system
of the Batal Glacial stage existed in the Lahul Himalaya.
However, it is likely, given the thickness of the moraines
and the large drumlin fields, that the Batal Glacial Stage
may have reached its maximum substantially earlier than
15.5 ka. The Greenland ice-core data suggests that the Late
Glacial Interstadial occurred between ca. 12.8 and 14.6 ka
(Dansgaard etal.,, 1993: Plate 2, partvi). The cosmogenic
radionuclide data, therefore, indicate that ice was present
in the valley during this period, but marginally older dates
on some of the moraines may help to support the view that
glaciers also may have existed in the Batal valley prior to the
Late-Glacial Interstadial. The Guliya and Dunde ice-core data
indicate that glaciers in Tibet were still substantial during the
Late-Glacial Interstadial (Balling/Allerad) (Plate 2, parts iv and
v). This circumstance supports our conclusions that glaciers
were still producing moraines in the Lahul Himalaya during
the Late-Glacial Interstadial.

The exposure ages of samples associated with the Batal
Glacial Stage indicate that this glacial cycle is much younger
than was previously thought. The cosmogenic radionuclide
exposure ages of the Batal Glacial Stage conflict with Owen
etal’s (1997) OSL dates of 43.4 +10.3 ka and 36.9 & 8.4 ka.
The samples used for this analysis are deltaic sediments
believed to be associated with the deglaciation of the Batal
Glacial Stage. Coxon et al. (1996) suggested that these deltas
formed at the mouths of rivers feeding an ice-dammed lake.
When the dam forming the lake was breached, a catastrophic
flood left deposits along the Chandra valley. However, the
freshness of the bedforms and boulders within the flood deposit
suggests that the deposits are less than a few thousand years
in age. Old OSL dates are at variance with recent deposition
of these sediments. The older OSL ages might be explained if
the sediments were only partially bleached. Deglaciation after
ca. 17 ka also is supported by the work of Singh and Agrawal
(1976), whose radiocarbon dates on lacustrine sediments in
Kashmir Basin show that deglaciation was occurring in Kashmir

Copyright © 2001 John Wiley & Sons, Ltd.

atca. 14 000-15 000 "Cyr BP (ca. 16 000-17 000 cal. yr BP).
The agreement between exposure ages and the radiocarbon
ages leads us to conclude that the OSL ages of Owen et al.
(1997) are anomalously old, most likely the result of partial
bleaching.

Kulti Glacial landforms

The cosmogenic radionuclide dates on latero-frontal moraines
of the Kulti Glacial Stage show that a minor glacial advance
occurred during the early Holocene at between ca. 10.6 and
11.4 ka (Plate 2, part i). Owen et al.’s (1997) radiocarbon date
of 9160 + 70 yr BP (10224-10313 cal. yr BP: Stuiver et al.,
1998a,b) from the base of a peat bog within moraines of the
Kulti Glacial Stage (Table 1) supports the view that climatic
amelioration had occurred by ca. 10 ka (calendar years). The
cosmogenic radionuclide dates on the Kulti moraines show
that there was a relatively short period (ca. 1000 yr) between
deglaciation of the Batal Glacial Stage glaciers and the advance
of Kulti Glacial Stage glaciers (Plate 2, part i). The difference in
landform types associated with the Batal Glacial Stage (eroded
large lateral and latero-terminal moraines, and drumlins) and
Kulti Glacial Stage (small sharp-crested end moraines) suggest
that the Kulti Glacial Stage does not represent a readvance
of glaciers of the Batal Glacial Stage, but was a distinct
glaciation that occurred during the early Holocene (Fig. 2). In
addition, the relatively small size of the Kulti Glacial moraines
suggests that this glaciation probably lasted only for a short
time (hundreds to a few thousands years).

Based on the currently accepted cosmogenic radionuclide
production rates, it is likely that there was not a glacial advance
in the Lahul Himalaya during the Younger Dryas Stade.

To the north of Lahul, in the Zanskar Range, Taylor
and Mitchell (2000) recognized three glacial stages and a
minor advance that they correlated with the Chandra, Batal,
Kulti and Sonapani Glacial Stages in the Lahul Himalaya.
Optically simulated luminescence methods yielded a date
of 78.0+12.3 ka on moraines that mark the maximum
position of Batal age glaciers and a date of 40.0+9.3 ka
on sediments that post-date the Batal Glacial Stage. Taylor
and Mitchell (2000) also determined ages of 16.2 +5.6 ka
and 12.2 +4.8 ka on glaciofluvial sediments that mark the
maximum position of the Kulti age glacier. Furthermore, they
dated a recessional and a late stage landform of the Kulti
Glacial Stage at 13.1 £ 4.9 ka and 10.2 + 2.1 ka, respectively.
These dates contrast with the cosmogenic radionuclide
exposure ages on samples from the Kulti and Batal glacial
landforms and highlight the danger of extending correlations
based on morphostratigraphy and relative weathering across
distant areas of the Himalaya. Owen et al. (1997) showed that
relative weathering characteristics of moraines of similar age
vary considerably across the Lahul Himalaya. Furthermore,
Burbank and Fort (1985) showed that the relative weathering
and morphology of moraines in Ladakh are controlled not only
by age, but also by altitude and microclimatic variations. It
therefore is likely that Taylor and Mitchell’s (2000) correlation
of moraines in Zanskar with those in Lahul is in error.

On the basis of oxygen isotope data from deep-sea sediments
in the Arabian Sea and off the coast of Oman, Gupta et al.
(1992) hypothesised that during the period between 16 000 and
20000 ' Cyr BP (ca. 19-24 ka), glacier meltwaters originating
in the Himalayas and Tibet increased in volume as a result
of accelerated melting of mountain glaciers. Plate 2 (parts i, ii
and iii) provides a comparison of these data. From the surface
exposure dates we infer that the timing of Batal deglaciation
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562 JOURNAL OF QUATERNARY SCIENCE

occurred at the latest part of the Late-glacial Interstadial
(Balling/Allerad), significantly later than proposed by Gupta
et al. (1992). Our ages of the Batal deglaciation remain much
younger than the deglaciation proposed by Gupta et al. (1992).
The oxygen isotope minimum observed by Gupta et al. (1992)
may not in fact be indicative of meltwater input, but rather may
reflect the contribution of increased monsoon rainfall over the
ocean.

These data suggest that glaciation in the Lahul Himalaya
has occurred during warm intervals, that is, during the Late-
glacial Interstadial (Belling/Allerad) following the Older Dryas
Stade and during the early Holocene following the Younger
Dryas Stade. Using pollen and foraminiferal concentrations in
sediment cores from the Arabian Sea, Overpeck et al. (1996)
showed that upwelling was enhanced at about 14.7-15.3 ka
and then again at 10.8-11.5 ka, which they attributed to
an intensification of the South Asian summer monsoon.
These intensification events were also demonstrated from the
xs#3'Pa/xs**°Th ratio data derived from the western Arabian Sea
core 74KL (Marcantonio etal., 2001). Using luminescence
dating of sediments in the Thar desert, Kar etal. (2001)
showed that the period between 13 and 8 ka was a time
of major climatic instability induced by variations in the
South Asian summer monsoon. Furthermore, on the basis
of lake-core and shoreline studies, Gasse et al. (1991) showed
that the early—middle Holocene and Late-glacial Interstadial
were warm and humid in western Tibet. These studies help
support the view that an intensified monsoon was dominant,
when glaciers were growing in the Lahul Himalaya during the
Kulti and Batal glaciations. During these periods of increased
insolation, the South Asian summer monsoon strengthened
and/or extended its influence further north and west than at
present (Clemens et al., 1991; Emeis et al., 1995). The resulting
enhancement in summer snowfall at high altitude presumably
resulted in a positive mass-balance and caused glaciers to
advance.

The timing of glaciation in the Lahul Himalaya contrasts with
the results of work in some other parts of the Himalayas. In Swat
and around Nanga Parbat, for example, the most extensive
glaciation occurred earlier than marine oxygen isotope stage
2, between ca. 35 and 65 ka (Sloan et al., 1998; Phillips et al.,
2000; Richards et al., 2000a). In Garhwal, to the southeast of
Lahul, Sharma and Owen (1996) provide evidence and OSL
dates to show that the local last glacial maximum occurred at
ca. 63 ka, with more restricted glaciation at ca. 18 ka. These
differences with the Lahul results are too large to be explained
by uncertainties in cosmogenic radionuclide production rates.
It is possible that glaciers in Lahul were more extensive during
earlier parts of the last glacial cycle, but evidence for this
may have been destroyed during subsequent reworking of
glacigenic sediments. In the Khumbu Himal, Nepal, Richards
et al. (2000b) dated three glacial stages using OSL: the Periche
Glacial Stage (ca. 18-25 ka), the Chhukung Glacial Stage
(ca. 10 ka) and the Lobuche Glacial Stage at (ca. 1-2 ka).
Deglaciation following the Periche Glacial Stage may be
coincident with the Batal deglaciation. The Chhukung Glacial
Stage is at present poorly constrained. The dates available
apparently mark the end of an important episode of glacier
thickening (Richards et al., 2000b). It thus is possible that the
Chhukung and Kulti Glacial Stage are synchronous, but further
work is necessary to test this hypothesis.

The cosmogenic radionuclide exposure ages on glacial
landforms in the Lahul Himalaya support Benn and Owen’s
(1998) hypothesis that glaciation in some areas of the
Himalayas is dominated by oscillations in the South Asian
summer monsoon and likely asynchronous with oscillations in
Northern Hemisphere ice-sheets and oceans.

Copyright © 2001 John Wiley & Sons, Ltd.

Conclusions

Cosmogenic radionuclide '°Be and 2°Al ages for boulders on
the crests of moraines and drumlins, and for bedrock from
ice-polished surfaces constrain the timing of glaciation during
Late Glacial and early Holocene times in the Lahul Himalaya.
These data show that moraines belonging to the Batal Glacial
Stage were formed between ca. 12-15.5 ka during the Late-
glacial Interstadial (Bolling/Allerad) and that deglaciation at
the end of the Batal Glacial Stage was completed by ca. 12 ka.
These data also show that the moraines of the Kulti Glacial
Stage formed shortly (ca. 1000 yr) after the Batal Glacial
Stage during early Holocene times at ca. 10-11.4 ka. This
suggests that positive mass-balances existed for glaciers in the
Lahul Himalaya during periods of increased insolation when
the South Asian summer monsoon was strengthened and/or
extended its influence further north and west to enhance
summer snowfall at high altitudes. The observed glaciations
in the Lahul Himalaya correlate well with the South Asian
summer monsoon. There is no evidence of a glacial advance
synchronous with changes in Northern Hemisphere ice-sheets
and oceans, but a later and more extensive Batal advance could
have destroyed evidence for this. These conclusions have
interesting environmental implications, and they suggest that
glaciers in this part of the Himalayas initially may grow if global
temperatures increase and the monsoon becomes intensified
as a result of greenhouse warming induced by human or
natural processes. These new dates show unequivocally that
the Batal and Kulti Glacial Stages are significantly younger
than was thought previously.
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